Lycium barbarum polysaccharide (LBP) is a traditional Chinese herbal medicine possessing many properties such as anti-oxidant and immunomodulation. This study was conducted to evaluate the clinical efficacy of LBP in broilers. A total of 240 newly hatched broilers were randomly allotted into 4 treatments with 6 replicates. Diets in 3 treatment groups were supplemented with 2, 4, and 8 g/kg LBP, respectively, based on the control diet. Lymphocytes isolated from broiler blood were used to detect immunoregulation function of LBP in vitro. Results in vivo showed that average daily feed intake (ADFI) and feed conversion ratio (FCR) in the 4 g/kg LBP group were decreased significantly (P < 0.05). Dietary 4 g/kg LBP significantly increased immune organ indexes of broilers at 21 d (P < 0.05). Moreover, levels of serum total protein, globulin, albumin, and lysozyme of broilers were higher in the 8 g/kg LBP group (P < 0.05).
relieving coughs, having properties of antiaging, and so on [2] . LBP is a complex glycopeptide containing 6 kinds of monosaccharides and 18 amino acids [3] . In recent years, LBP has gained more attention and been involved in clinical studies due to its wide biological properties, including anti-oxidant [4] , lowering blood sugar [5] , anti-tumor [6] , and especially immunomodulation [2, [7] [8] [9] [10] . To our knowledge, although many experiments were conducted to explore the function of LBP in mice or cell lines of human beings, its use has rarely been studied in poultry.
In the present study, we used broilers and lymphocytes isolated from the peripheral blood of broilers as in vivo and in vitro models, respectively. Performance and serum parameters and blood T lymphocyte subsets were examined to explore the effect of LBP on growth performance and immune function by dietary supplementation. In addition, the anti-inflammatory activity of LBP in the cells was investigated by measuring mRNA expression of inflammatory cytokines and lymphocyte proliferation. The purpose of this study was to evaluate the clinical efficacy of LBP in broilers and provide evidence for the selection of antibiotic substitutes.
MATERIALS AND METHODS

Experimental Design
A total of 240 one-day-old healthy Cobb 500 broilers was randomly allotted into 4 treatments with6 replicates of 10 birds each. The initial body weight (BW) of chickens did not differ among treatments (P > 0.05). The dietary treatments with LBP were as follows: (1) control (basal diet), (2) control + 2 g/kg LBP, (3) control + 4 g/kg LBP, and (4) control+ 8 g/kg LBP. Dietary LBP was purchased from Zhejiang Fangge Pharmaceutical Company in Hangzhou, China. The basal diet was typical of diets commonly used in the northwest part of China to meet NRC 1994 recommendation and was devoid of antibiotics. Dietary energy and protein levels were 12.22 MJ/kg and 19.30%. The trial lasted 21 days. The animal protocol for the present study was approved by the Animal Care and Use Committee of the College of Animal Science and Technology of the Northwest A&F University (Shaanxi, China).
Performance Parameters
Feed intake was recorded daily for each replicate, and birds were weighed by replicate at 21 d of age. Daily body weight gain (BWG), average daily feed intake (ADFI), and feed conversion ratio (FCR) were calculated from one to 21 days. Chicken mortality was recorded daily, and these performance parameters were corrected according to mortality.
Indexes of Immune Organs
Two birds from each replicate group were randomly weighed and killed at 21 days. The thymus, spleen, and bursa were removed from each bird. The organ weights were immediately measured following dissection and were expressed relative to BW (g of organ/kg of BW).
Determination of Serum Parameters
At 21 d of age, about 5 mL of blood were collected into tubes from the wing vein of 6 broilers per treatment (one bird/replicate) and tubes were placed in a 37
• C water bath. After centrifugation, the supernatant serum samples were dispensed into 1.5 mL centrifuge tubes and stored at -80
• C. Contents of total protein, albumin, globulin, and lysozyme in serum were measured using commercial kits according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Analysis of Blood T Lymphocyte Subsets
At 21 d, about 5 mL of blood were collected from the wing vein of 6 broilers per treatment (one bird/replicate) and transferred immediately to heparinized centrifuge tubes. About one mL blood from each sample above was diluted with an equal volume of PBS. The mixture was added to lymphocyte separation medium (Tian Jin Hao Yang Biological Manufacture Company Limited, Tianjin, China) slowly and centrifuged at 2,000 rpm for 25 minutes. The cells were washed repeatedly and finally diluted to the concentration of 1 × 10 6 /mL with PBS. 200 μL cell suspensions were transferred to another centrifuge tube, and, respectively, stained with 10 μL mouse anti-chicken CD3-SPRD, 4 μL mouse anti-chicken CD4-FITC, and 10 μL mouse anti-chicken CD8-RPE for 30 min at room temperature, then PBS was added and centrifuged at 1,500 rpm for 5 minutes. The supernatant was discarded and cells were resuspended in 0.5 mL PBS. All antibodies used in the study were purchased from Southern Biotechnology in Birmingham, AL. The percentages of CD3 + , CD4 + , and CD8
+ T cells and the ratio of CD4 + /CD8 + were determined by the flow cytometry method [11] .
Lymphocyte Proliferation Assay In Vitro
On d 21, one bird from the control group was randomly selected. The lymphocytes were prepared, resuspended, and diluted to the concentration of 5 × 10 6 /mL with RPMI 1640 culture medium containing 10% fetal bovine serum (Gibco Life Technologies, Vilnius, Lithuania). 150 μL cell suspensions were seeded in the cell culture plate. Then, 1640 culture medium, Lipopolysaccharide (LPS), and ConA (SigmaAldrich, Louis, MO) with a final concentration of 10 μg/mL were added into the blank group, B lymphocyte proliferation group, and T lymphocyte proliferation group, respectively. LBP (Pharmagenesis Inc, Palo Alto, CA) was added into the plate in the following final concentrations: zero, 25, 100, 400, and 1,600 μg/mL, with 6 wells for each concentration. After culture for 48 h at 37
• C in a humid atmosphere of 5% CO 2 , 10 μL of 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) (SigmaAldrich, USA) was added into each well for an additional 4 hours. Wells were centrifuged for 10 min at 2,000 rpm and the supernatant was discarded. 100 μL of dimethylsulfoxide (DMSO) (Sigma-Aldrich, USA) was added and the absorbance at 570 nm was measured. The stimulation index was calculated by OD570 (B or T lymphocyte proliferation group)/OD570 (blank group).
LBP Anti-inflammatory Assay In Vitro
500 μL of lymphocytes were seeded in a 24-well plate at a density of 5 × 10 6 cells/mL. LPS with the final concentration of 10 μg/mL was added into the wells. At the same time, LBP was added into the plate in the following final concentrations: zero, 25, 100, 400, and 1,600 μg/mL, with 6 wells for each concentration. 1640 culture medium was used as a blank control. After culture for 48 h at 37
• C, the plate was centrifuged and cells were washed and collected. The relative expression of inflammatory cytokines was determined by RT-qPCR to estimate the anti-inflammatory activity of LBP.
RT-qPCR Analysis
Total RNA extraction and cDNA synthesis from cell samples were performed by the manufacture's instruction (Takara Biotechnology, Dalian, China). All cDNA samples were stored at −20
• C until use. The reaction system of RT-qPCR was as follows: cDNA, one μl; each primer (10 pmol /mL), one μL; SYBR R Premix Ex Taq II (Takara Biotechnology, Dalian, China), 10 μL; and double-distilled water, 7 μL. PCR cycle conditions were set as follows: 95
• C for 5 min; 40 cycles of 95
• C for 10 s, 60
• C for 30 s, 72
• C for 30 s; and 72
• C for 5 minutes. Primer sequences used were all obtained from GenBank and are shown in Table 1 . All samples were run in triplicate, and the average cycle threshold (Ct) values were calculated for quantification using the 2 − Ct method [12] .
Statistical Analysis
All data were expressed as treatment means with their SEM and subjected to one-way ANOVA using the GLM procedure of SPSS 20.0 (SPSS Inc., Chicago, IL). Significant differences between the treatments were determined by Duncan's multiple comparisons test. A probability value of P < 0.05 was considered to be statistically significant.
RESULTS AND DISCUSSION
Under the condition of intensive poultry farming, many factors such as higher density and ammonia concentration, pathogenic microorganisms, vaccinations, and other external forces could limit the growth of broilers. During the past decades, many polysaccharides were put into use in animal feeding to promote production performance [13] [14] [15] [16] . In the current study, the effects of dietary LBP on growth performance, including BWG, ADFI, and FCR, are shown in Table 2 . No significant differences were found in BWG of broilers among the treatments (P > 0.05). Compared to the control group, the 4 g/kg LBP supplemented diets significantly decreased broiler FCR (P < 0.05). LBP is one of the polysaccharides exacted from traditional Chinese herbal medicine, and Zhang et al. [17] have reviewed its immunoregulation functions. Therefore, it is possible that lower FCR was due to immunoregulation of dietary LBP, which improves the ability to defend against diseases in broilers. Generation, proliferation, differentiation, and maturation of immune cells usually take place in the spleen, thymus, and bursa [18, 19] . The immune organ index is an important indicator reflecting immune competence. As shown in Table 3 , birds in the treatment of 4 g/kg LBP showed a higher spleen index, thymus index, and bursal index when compared to the control (P < 0.05). A previous study found that an amount of 200 mg/mL Taishan Robinia pseudoacacia polysaccharide injection subcutaneously could improve the indexes of the thymus, bursa, and spleen in chickens [20] . Nan et al. [2] also pointed out that LBP can improve the indexes of the spleen. Hence, results suggested that LBP may promote development of immune organs, thereby facilitating body growth in broilers. The thymus and the bursa, respectively, provide space for the maturation of T and B lymphocytes [21, 22] . T lymphocytes, derived from the thymus, play a central role in generation and regulation of immune response. Mature T cells are either CD4
+ or CD8 + and express CD3 molecules, and CD4 + T-helper cells pro- Note: LBP-0, LBP-2, LBP-4, or LBP-8: Diets supplemented with 0, 2, 4, or 8 g/kg of Lycium barbarum polysaccharide (LBP) from 1 to 21 days. CD = Cluster of differentiation. Data presented as mean ± SE (n = 6). a,b Means within a column with different letters differ significantly (P < 0.05). Table 5 . Effects of dietary LBP on serum parameters of broilers at 21 days. duce cytokines to promote cell-mediated immunity and humoral immunity [23] . CD8 + cytotoxic T lymphocytes play an important part in protecting against cancer as well as many infectious diseases [24] . Body health depends on the appropriate CD4 + /CD8 + ratio; decreased regulatory T-cells and CD4
+ /CD8 + ratio correlate with disease onset and progression in patients [25] . Effects of dietary LBP on blood T lymphocyte subsets, including percentages of CD3 + , CD4
+ , and CD8 + T cells and CD4 + /CD8 + ratio are summarized in Table 4 . There was no significant difference in the percentage of CD8 + T cells among the 4 groups (P > 0.05). The 4 and 8 g/kg LBP groups markedly increased percentages of CD3 + T cells in broiler blood (P < 0.05). In addition, the percentage of blood CD4 + T cells was higher in the treatment supplemented with 4 g/kg LBP when compared to the control group, and the same phenomenon was found in the CD4 + /CD8 + ratio of broiler blood (P < 0.05). Therefore, in the present study, dietary 4 g/kg LBP increased the percentage of CD4 + T cells and CD4 + /CD8 + ratio of broiler blood, which suggests LBP may improve the ability to resist pathogens and enhance immune function in broilers.
Immune function is important for body growth by defending against and removing various pathogenic agents. Protective immunity is composed of humoral and cellular immunity, and the former is mediated by B cells and other immune cells through the production of antibodies [26, 9] . Lysozyme, as a non-specific component, also plays an important role in the body's defense against infection [27] . Effects of dietary LBP on serum lysozyme activity of broilers are presented in Table 5 . Compared to the control group, lysozyme was higher in the groups supplemented with 2, 4, and 8 g/kg LBP (P < 0.05). Total protein and serum globulin in the 8 g/kg LBP group were higher than those in the control (P < 0.05), but there were no differences among the control, 2, and 4 g/kg LBP groups. Serum globulin is regarded as an indicator of general immune response [28] . Higher levels of serum globulin and total protein may indicate a negative effect of LBP, and the amount of 8 g/kg LBP is not suggested for usage in broilers. Moreover, The 4 and 8 g/kg LBP supplemented diets significantly increased serum albumin contents in broilers (P < 0.05). Albumin was synthesised from the liver, and Wu et al. [4] reported that LBP could protect the liver from damage. Therefore, higher serum albumin may suggest that birds have better liver functions. These results indicate that LBP improved humoral immunity of broilers, which was consistent with the study in mice by Nan et al. [2] . Lysozyme, one of the nonspecific immunity factors, is usually used to evaluate the immune status of animals due to its important role in immune function Figure 1 . The effects of LBP on T lymphocytes (A) and B lymphocytes (B) of broilers. Lymphocytes were separated from blood of broilers at 21 days. ConA and LPS were used to induce the proliferation of T and B lymphocytes, respectively, in vitro. Data presented as means ± SE (n = 6). Bars with different letters differed significantly (P < 0.05). LBP: Lycium barbarum polysaccharide, LPS: Lipopolysaccharide. [29] . Considering all serum parameters, dietary 4 g/kg LBP addition may strengthen phagocytosis of macrophage and leukocyte to maintain physiological balance of broilers in vivo.
Cellular and humoral immunity are mainly mediated by T and B lymphocytes, respectively. Lymphocyte proliferation is a crucial event in the activation cascade of immune responses [30] . Gan et al. [9] previously reported that polysaccharide-protein complex from Lycium barbarum could enhance spleen lymphocyte proliferation in mice. In the current study, lymphocytes isolated from broiler blood were used to detect immunoregulation function of LBP in vitro. As shown in Figure 1 , compared to the control group, 1,600 μg/mL LBP supplementation significantly increased blood T lymphocyte proliferation of broilers in vitro (P < 0.05, Figure 1A ). For B lymphocyte, its proliferation was accelerated by LBP at the concentration of 100 μg/mL (P < 0.05, Figure 1B) . These results indicate that LBP can enhance immune functions at the cellular level, which is in agreement with the previous study [31] . Whereas, Chen et al. [8] reported that the proliferation and activation of T lymphocytes, but not B cells, by LBP may contribute to one of its immunomodulation functions.
LPS, as the major active component of the cell wall in Gram negative bacteria, can be recognized by the TLR4 receptor complex and activate signal pathways to induce production of cytokines, resulting in an inflammatory response [32, 33] . Pro-inflammatory cytokines such as TNF-α, IL-1β, and IFN-γ are essential for activating the innate host defense system and subsequently modulating adaptive immune responses [34] . The effects of LBP on TNF-α expression in blood lymphocytes induced by LPS are shown in Figure 2 . TNF-α mRNA abundance was measurably decreased by LBP supplementation at the concentrations of 100, 400, and 1,600 μg/mL (P < 0.05). Levels of other inflammatory cytokines (IL-1β, IL-6, and IFN-γ ) were not affected (data not shown). LPS is currently the most widely studied TLR4 ligand and can activate intracellular signaling by binding with TLR4 [35] . In addition, transcription factor NF-κB is activated via Toll-like receptor 4, inducing inflammatory cytokine production [36, 37] . TNF-α is involved in the pathogenesis of multiple chronic inflammatory or autoimmune diseases [38] . Many diseases are associated with high levels of pro-inflammatory cytokines at the inflammatory site [39] . The secretion of pro-inflammatory cytokines is bad for the body, because catabolism will be promoted in order to provide nutrients for synthesis of immune effector molecules [40] . The study in vitro revealed that 3 higher concentrations of LBP down-regulated TNF-α expression but had no obvious effect on IL-6, IL-1β, and IFN-γ mRNA levels in lymphocytes co-cultured with LPS. The data indicate that LBP may be of benefit for relieving inflammatory responses by down-regulating expression of inflammatory cytokines.
In summary, results of the present study in vivo and in vitro showed that LBP exert immunomodulation functions by regulating lymphocyte proliferation and inflammatory cytokines expression, which could ultimately promote growth performance in broilers. Therefore, we believe that LBP could be used as a nutritive additive in broilers diets.
CONCLUSIONS AND APPLICATIONS
1. Dietary 4 g/kg Lycium barbarum polysaccharide (LBP) supplementation could promote body growth of broilers by developing immunoregulation function in vivo.
